A new chemical strategy using a specific chelate complex for the recently introduced "Cold Sintering Process" (CSP) shows the ability to obtain high densification in spinel-based ceramics. CSP is the technique for sintering many kinds of ceramics at low temperatures, no more than 300°C, enabled with a transient solvent. However, spinel ceramics are one of the most difficult materials, in which CSP typically does not achieve high densities.
Introduction
So far, over 70 chemistries, ranging from elemental, binary, ternary, quaternary and quinary compounds, in both ceramics and, more recently, metals, have been successfully cold sintered to high densities 1)8) . As the sintering temperature is low typically below 300°C, new composite designs with all material groups, such as ceramics, metals, and polymers, can integrated in a single step process. Cold Sintering Process (CSP) has several important stages during sintering process. High packing densities of the fine powder, with a limited volume of chemically active solvent, is the first step, followed by surface chemical reactions, such as dissolution between thin solvent layers at the contact points of the powder. As the system is partially open, the liquid phase is evaporated, the solute increases in concentration, supersaturates, and then recrystallization proceeds, aiding the diffusional process at the particle interfaces, and this is all supported with the aid of high uniaxial pressures working with the limited temperatures being applied. Finally, grain growth with sufficient hold times and temperature can occur, and each of these steps vary from system to system. Among these steps, the second step is the key to enabling the high densifications.
In previous studies, water is the simplest solvent for NaCl, Li 2 MoO 4 , Na 2 Mo 2 O 7 , K 2 Mo 2 O 7 , V 2 O 5 , 1) Li 1.5 Al 0.5 -Ge 1.5 (PO 4 ) 3 (LAGP), 2) and CsH 2 PO 4 . 3) Another solvent group involves an acid or alkali solution, or an organic metal salt, such as has been demonstrated for ZnO, 4) Pb(Zr,Ti)O 3 (PZT), 5) SrTiO 3 , 6) BaTiO 3 , 7) and SiO 2 . 8) The work suggests a third group, which can be referred to as chelating complexes. A chelating agent is an organic molecular structure that can absorb and bind with metal ion in both polar and non-polar solvents. The chelating agent can thereby actively enable dissolution, which is often a rate limiting step, to drive densification. Here we will focus on metal acetylacetonates (Macac, M=Ni, Zn, Fe, Mn, Li) as the chemistries of interest in this paper. These so called Macac chemistries are easily dissolved with water or other organic solvents and can decompose and evaporate under moderate heat treatments. 9) Macac chemistries are often used as precursors to synthesize ceramic powder or thin film layers processed at low temperatures. For example, nanoparticles of Fe 3 O 4 , 10) Mn 3 O 4 , 11) and CoFe spinel 12) have been previously synthesized from Macac chemistries.
Spinel ceramics are important industrial materials; for example, soft ferrites are used for inductor cores in many communication modules, NiCuZn ferrite is used for cofiring with Ag electrode at low temperatures around 900°C. 13) Lower sintering temperature in a conventional process is enabled with Bi 2 O 3 additives 14) and/or using alternative processing methods, such as spark plasma sintering (SPS) 15) or microwave sintering, 16) but these are still far above the temperatures used in cold sintering. With further lowering sintering temperature, soft magnetic composite with magnetic metals can realize a novel magnetic property such as high frequency-high permeability and low loss materials. 17) Another important spinel is NiOMn 2 O 3 , and this is a semiconductor ceramic that shows negative temperature coefficient (NTC) behavior. 18) NTC thermistor is useful as a temperature sensor with low cost and high reliability.
With low temperature sintering, thin NTC layers can be printed and cold sintered on polymer substrates, and this can work as a flexible temperature sensor for healthcare application. 19) 21) The conventional sintering temperature for NiMn thermistor has been discussed earlier with kinetic issues, such as decomposition, 22)24) and the lower sintering temperature. 25) The ceramic layer thermistors typically have been deposited with spin spray technique 26) and aerosol deposition 27) at temperatures less than 100°C.
The objective of this paper is to consider the cold sintering of spinel material with the chelated transient phase, based on Macac chemistries.
Experimental section
NiCuZn ferrite powder was prepared by the solid-state reaction method. The starting powders, NiO, CuO, ZnO, and Fe 2 O 3 , were ball-milled with distilled water, then calcined at 900°C for 2 h, and crushed again via ball-milling. For 0.25 g of the powders and 10 wt % of acetylacetonates [1 mol Ni(acac) 2 , 1 mol Zn(acac) 2 , and 4 mol Fe(acac) 3 ] were mixed with 10 wt % distilled water. To compare with other additives, MnAc with distilled water, acac without water, and distilled water, are also mixed into the powders. The mixture was put into the die and pressed at each pressure (500 and 1000 MPa) and at 300°C for 40 min. The shrinkage behaviour was calculated from the difference between the position of the die with the mixture and the die without the mixture. The relative density was calculated from the shrinkage behaviour and the geometric densities of the sintered 7 mm diameter pellets and their respective masses. A 5.378 g/cm 3 was used as a theoretical density.
A NiMn thermistor powder was prepared by same solid state method from 1 mol NiO and 4 mol MnCO 3 . The powder was calcined at 1250°C for 2 h. CSP sample was sintered at same cold sintering conditions as above with acetylacetonates [1 mol Ni(acac) 2 and 4 mol Mn(acac) 3 ], MnAc with distilled water, and acac without water, and distilled water. 5.2 g/cm 3 was used as a theoretical density. The Ag electrodes were sputtered on the both side of the sintered sample after annealing at 250°C for 10 h in air, and resistivity was measured at each temperature.
Another spinel ceramic, LiNiMn cathodes powder, was used (commercial source, Toshima Manufacturing Co., Ltd.). CSP sample was sintered at same conditions. LiNi 0. 
Results and discussions
Figures 1(a) and 1(b) shows the densification behavior during sintering with CSP for the sintering conditions of 300°C for 40 min under a uniaxial pressure of 1000 MPa. In Fig. 1(a) , the relative density of NiCuZn ferrite bulk ceramic sintered with water is only 72%, but in contrast, when cold sintered with stoichiometric blends of Ni, Zn, and Fe acetylacetonates (Macac, M=Ni, Zn, and Fe), there is improved densifications up to 91%. Similar improvements are noted with the NiMn thermistor with stoichiometric additions of Ni and Mn acetylactenones (Macac M=Ni and Mn). The shrinkage analysis shows that in both systems, the powders with Macac transient phases dramatically shrink between temperatures of 150 and 300°C. In both materials, the relative densities of the bulks sintered with Fe or Mn acetate are 86 and 85%, so chelate transient phases achieve 5% higher density than acid salt transient phases. In addition, the relative densities of the NiCuZn ferrite and NiMn thermistor bulks sintered with acetylacetone are 82 and 85%. It is assumed that acetylactenones is a good transient phase, but excessive acetylacetone prevents the all-important transient reaction. Another spinel LiNi 0.5 Mn 1.5 O 4 was sintered at same conditions. The relative density of this cathode material bulk reaches 82%. The decomposition temperature of each Macac was confirmed by TGA in Fig. 1(c 2 ] shows first decomposition around 100°C, and the onset of shrinkage in NiMn thermistor is matched well with this temperature. The second and third decomposition temperatures of Macac effect higher shrinkage temperatures of all these spinels. It is confirmed that the decompositions of Macac are strongly related to sintering mechanism with this type of CSP. The discussion for the material change during CSP and residues in the sintered bulks are from Fig. 2 . NiCuZn ferrite bulk sintered at 300°C and 500 MPa with relative density of 81% shows good stability of the material after sintering, from XRD patterns in Fig. 2(a) . There is the smallest residue ³1% among spinels from TGA-MS in Fig. 2(c) . The gases related with H 2 , C, OH, H 2 O, CO, N 2 , CH 3 CO, CO 2 are generated around 250°C. It is assumed that these are come from incomplete decomposition of the Macac. It is, therefore, necessary to improve the decomposition kinetics with extending sintering time or additional annealing around 250°C. The relative density of the NiMn thermistor samples sintered at 300°C and 500 MPa is 88%. The longer sintering time of 40 min or annealing at more than 250°C is much preferred in this system. There is also no material change during sintering in XRD pattern and similar residue in LiNiMn cathode bulk sintered at 300°C and 500 MPa with relative density of 81%.
The property of the samples processed with chelate complex assisted CSP is discussed in the next section. The permeability of NiCuZn ferrite bulk sintered at 300°C and 1000 MPa without annealing is shown in Fig. 3(a) .
The real permeability is lower than reported values of conventionally sintered samples. To react the starting powder more efficiently, the size of the starting powder was small (³90 nm) in NiCuZn ferrite, so the grain size of the sample sintered at 300°C is the same as the starting powder. It is difficult to compare with the sample sintered at higher temperature with conventional sintering, because magnetic property is strongly related to the grain and domain size. The comparison with each grain size is shown in Table 1 . Small grain size bulks can be achieved by SPS, and it is indicated that the permeability decreases by the grain size in similar density bulks. The reasons for gradual decreasing of the real permeability at high frequency are not understood well, and increasing of the imaginary permeability at high frequency comes from low resistivity of the sample.
The temperature dependence of the resistivity of Ni Mn thermistor bulk, sintered at 300°C and 1000 MPa and annealed at 250°C for 10 h in air, is shown in Fig. 3(b) . B constants in Table 1 are calculated from resistances R 1 and R 2 at 25°C (T 1 ) and 50°C (T 2 ) by Eq. (1) .
The B constant of CSP bulk is ³4250, and the resistivity is ³10 4 ³ cm. The reported values of the bulk of the same material conventionally sintered at more than 1000°C 28) are lower resistivity than this value, but B constant is also low. The reported resistivity and B constant in Ni 0.6 Mn 2.4 -Ti 0.1 O 4 29) and Ni 0.6 Mn 2.4 Sn 0.1 O 4 30) are similar with these values, so it is considered that some difference, such as density, grain size, or impurities, makes charier mobility low in these samples. Figure 4 shows the microstructures by TEM of the sintered bulks at 300°C for 40 min and 1000 MPa and annealed at 250°C for 10 h in the air to remove organic residues. The NiCuZn ferrite powder has uniform small particle size, so the grain size of the sintered bulk is similar to that of the starting powder. It is also confirmed that the grain shape is deformed and polygonal for the closest packed structure, and all grains are well bonded with neck growth. The higher magnification image at the white square in Fig. 4(a) did not show any amorphous phase on the grain boundary. The NiMn thermistor powder has several particle sizes, so several grain sizes are observed in the sintered bulk shown in Fig. 4(c) . The distortion from the strain is appeared in the larger grains, and similar microstructure as ferrite bulk without any amorphous phase is in Fig. 4(d) , which contains the smaller grains at the white square in Fig. 4(c) .
Conclusions
The sample with chelate complex assisted CSP achieves high densification, more than 90% of theoretical value, in spinel ceramics. These bulk show the unique microstructures of small grains with neck growth which are same size and material with starting powders, and properties consistent with application needs relative to the for NiCuZn ferrite and NiMn thermistor.
